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NATTONAL. ATVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE USE OF AREA SUCTION FOR THE PURPOSE OF DELAYING SEPARATION
OF ATR FLOW AT THE LEADING EDGE OF A 63° SWEPT-BACK WING -
EFFECTS OF CONTROLIING THE CHORDWISE DISTRTBUTION
OF SUCTION-ATR VELOCITIES

By Woodrow L. Cook and Mark W. Kelly

An investigatlion was conducted to determine the effectiveness of
area suction when used to prevent air-flow separation at the leading
edge of a 63° swept-back wing. Initial results of this investigation
have been reported previously in NACA RM AS0HO9, 1950. The present
report presents the results of tests made with the chordwise distribu~
tilon of the suction-alr velocities controlled to glve lower total-flow
guantity requirements, The main part of the investigetion dealt wilth
the delay effected in alr-flow separation and the improvements made on
the aerodynamic characteristics of the wing with area suction designed
for & 1ift coefficient of 0.77. Changes in 1ift, drag, and pltching
moment were correlated with pressure distribution and flow studies,

The effectiveness of area suctlon with the suction-air veloclities
controlled to be equsl at all chordwise points was verified by the
improvements made in the serodynamic characteristics of the wing. With
a flow coefficient of O, 0031L large improvements were made in drag and
pitching-moment cha.ra.cteristics Prom a 1ift coefficient of 0.25 o a
1ift coefficient of asbout 0.80, The flow coefficients required in this
investigation for a gilven increment of 1ift wilth no air-flow separation
were about O.k of those required in the previous investigation. The
minimm values of flow coefficient reguired were about 10 times the
theoretical value. The chordwise extents of area suctlion required at
the outboard section were 1In good agreement with the estimated values,
However, it was found that the values of chordwlse extent estimated at
the inboard sectlons were considerably larger than required in the
investigation. This was believed to be due to the natural spanwise
boundary-leyer flow existing on the three-dimensional wing.

CQUELBENILAL
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INTRODUCTION.

A previous investigation (reference 1) has shown that area suction
was effective in delaylng the occurrence of air-flow separation at the
leading edge of a 63° swept-back wing. The results of that investiga-
tion indiceted that the chordwise and spanwise extents of area suction
reguired to prevent separation for a glven 1ift coefficlent were in
good sgreement wilth the values estimated by the method derlved in
reference 1. However, the quantity of flow required to prevent separa-
tion was much greater than the value predicted by the two-dimensional
theory of reference 2,

Since the most desirable feasture of area suctlon as a method of
boundary-layer control st high 1ift coefficlents is the extremely low
flow quantity requirements indicsted by theory, an analysis was made
to determine possible reasons for the large difference (approximately
25 times) between the theoretical and experimentsl values of Fflow coef-
filcient. One reason, suggested in reference 1, was evident upon deter-
mination of the chordwise distribution of suction-air velocities. It

was\found that, due to having a porous surface of constant porosity at
81l thordwlse points, the value of the suction-alr veloclity luncreased
continually from a minimum value near the leadlng edge to a maximm
value at the rearmost chordwise edge of the porous area. Thie condlition
did not satisfy the assumption made in reference 2 where the suction-
air velocities were assumed to be constant at all chordwise points.
From the analysis, 1t was concluded that the f£flow coefficlent could be
reduced by approximately 60 percent or to about 10 times the theoretical
value if the chordwise distribution of suctlon-alr velocities were
controlled to be constant, as assumed in the theory.

The investigation was continuved on the 63° swept-back wing in an
effort to reduce the flow quantity requirements without jeopardizing
the effectiveness of area suction in preventing leading-edge alr-flow
separation. - In an effort to compensate for the external pressure
varlation so as to obtain equal suction-air velocitles at all chord-
wilse points, the thickness of the porous material at a gilven section
was varied from a minimum thickness at the leading edge to & maxlmm
thickness at the rearmost polnt of the porous opening. The thickness
variation of the porous material was designed for a wing Y1ft coeffi-
cient of 0.77 at a Reynolds mumber of .5.2 X 10%. For this thickness
varlation, the suction-alr velocities were assumed to be 10 times the
theoretical value, since at the leading edge the suctlon-air velocitles
required in the previous investigation were approximately 10 times the
value estimsted by theory. The pressure distributions for unsepsrsted
Tlow at a design wing lift coefficient of 0.77 were obtalned by extra-
polating the pressure distributions attained with ares suction in the

ORI
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investigation of reference 1, In additiorn to the tests concerned with
reducing of flow quantity requirements, brief studies were made of

(1) the chordwise extent of porous area for lower design 1ift coeffi-
clents (to Purther verify the reasoning used in reference 1 for estima-
ting the extent of porous area), (2) the possibility of using the
ngtural boundary-layer drain of the highly swept wing to reduce the
amount of boundsry-layer alr to be removed by suction, and (3) the
effect of boundary-layer control when used with a deflected treiling-
edge flsp.

The investigatlon was conducted in the Ames L40- by 80-Ffoot wind
tunnel. The results of the tests are presented in this report.

ROTATTON

The data are presented in the form of standerd NACA coefficients
and symbols which are defined as follows:

b wlng span, feet
c chord, measured parallel to the plane of symmetry, feet
cn chord, messured normal to the leading edge, feet

b/=

c2dy
& mesn aerodynamic chord Q s feet

f b/.zc ay

(o}

Q-

c
ez section 1ift coefficient (i-; f Pdx cos a -
o

t
f Pdz sin c:)
o

Cp drag coefficlent (dﬁ-)

1ift
C 1ift coefficlent <———)
L 205

GRS
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piltching-moment coefficlent computed about the quarter-chord

point of the mean aserodynsmic chord ( pitching mmen‘c)
qoS¢E

flow coefflcient (ﬁ%

length of porous materia.]_. measured a.long surface normal to
leading edge, inches

free-stream static pressure, pounds per square foot
local static pressure, pounds per square foot

Py =P
airfoll pressure coefficilent <—%!—-—9->
o

free~stream dynamlc pressure, pounds per square foot

volume of alr removed through porous surface, cubic feet per
second based on standard density

. .
Reynolds number (—%f->

wing area, square feet
airfoll thickness, feet, or thickmess of porous material, inches

local veloclty parallel to surface and inside boundary layer,
feet per second

local velocity parallel to surface at outer edge of boundary
layer, feet per second

maximm local velocity, feet per second

free-stream alr velocity, feet per second

suction-alr velocity normal to surface, feet per second
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x chordwise coordinste perallel to plane of symmetry, feet
Y spanwise coordinate perpendicular to plane of symmetry, feet

Z ordinate of airfoll surface normsl to chordline snd boundary-
layer coordinate normal to the surface, feet

o angle of attack, degrees
Ap DPressure drop across porous material, pounds per square foot

v kinematic coefficient of viscosity, square feet per second
MODEL. AND APPARATUS

The details of the model and ite installatlon are shown in fig~
ures 1, 2, and 3. The same wing was used in the investlgation presented
in reference 1. The fugelage had a maximum diameter of 3,68 feet which
is gbout 0.91 of the diameter of the fuselage used In the investigation
of reference l. .

The inboard 60-percent span of the wing was equlpped with a
trailling~edge split £flsp. The flaps were 20 percent of the chord
normal to the leading edge and were deflected downward ¥5° measured
in a plane normal to the hinge line.

The leading-edge portion of the wing was constructed of continuous
metal-mesh sheet extending from 5 percent of the streamwlse chord on
the lower surface of the wlng to 20 percent of the streamwlse chord on
the upper surface. The mesh sheet, the same as that described in
reference 1, was 0.0l inch thick, had 1600 holes per square inch, and
bad 19-percent open area. The surface wes not covered with alrcraft
linen as in the previous iInvestigation. Instead, the surface was
backed with a porous, white wool, hard felt material which was held
firmly In place agalnst the mesh surface by a screen of large mesh
supported by leaf springs. The wool felt had a weight of spproximastely
% pounds per square yard for material of 1/2-inch thickness. The
porous material varled in thickness chordwlse, as shown in figure 4,
from a minimum thickness (1/32 inch) at the leading edge to a maximm
thickness at the aft edge of the porous opening. The variations of
thilckness were dependent on the externsl surface pressure variagtion at
the particular spanwlse section. Theoretically, the thickness varia-
tlon would be constantly changing spanwise as well as chordwlse due to
the spanwise load change. ZFor easier construction and insgislliation,
the spanwise change was accomplished in six steps as shown in Pigure L.
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The change from one sectlon to the next was not large and the thilckness
at any point was not more than 15 percent from the theoretically cor-
rect value at the point, A compromise on the thickness variation was
necessary at the outboard 15 percent of the span as the construction

of the leading edge would not allow as large a variation of thickness
as shown in figure 4, Therefore, a linear variation of wool felt
thickness was used, as shown in the figure,

Calibration tests were made of the flow reslstance characteristics
of the porous materisl. The wool felt and the metal mesh were tested
together, wlth no flow tangential to the surface. The calilbration
curves for different thicknesses of the porous material are shown in
figure 5. The curves are limear in the lower range of velociltles.

The pressure differential required to induce a glven suction-air veloc~
ity shows a nearly linear variation with the thickness of the material.
Some inconsistency in samples of the same thlckness was noted as shown
for two samples of 1/8~inch-thick wool felt by curves (a) and (b),
figure 5. All other check calibrations of felts of the same thickness
showed better agreement,

The suction system was the same as described in reference 1. How-
ever, more accurate control of the spanwlse variation of duct pressures
to meet the requirements of the spanwise load change was attained with
a new valve system. The flow coefficient, duct pressures, and wing-
surface pressures were measured in the same msnner as in the Investiga-
tlon of reference 1. Table I shows the location of rows of pressure
orifices on the upper and lower surface parallel to the plane of
symetry.

TESTS

Force and pressure-~distributlon measurements and some tuft studies
were made on the basic wing and the wing with suction through an angle-~
of ~attack range at zero sideslip. The data were obtained at s Reyrolds
number of 5.2 x 10° based on a mean aerodynamic chord of 8.6h feet,

The basic-wing tests were obtained with the porous gurface sealed by
covering with a nonporous cellulose tape.

The tests wilith suctlon were made with ares suction applied to
the entire span of the wing. The porous surface thickness distribution

used in alil the tests was designed for optimm performance at a wing 1ift

coefficlent of 0.77.
The chordwise extents of area suction required for varicus 1ift

coefficients were calculated by the method discussed in reference 1.
For the determination of these extents the chordwise veloclty
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distributions presented for moderate angles of atteck in reference 1
vere extrapolated to higher 1ift coefficients. Figure 6 shows calcu-~
lated chordwise exbtenis required for several stations along the span

as a function of 1ift coefficilent.

For the investlgation of the wing designed for a 1ift coefficient
of 0.77, the chordwlse extent of srea suctlon veried from 1.4 percent
of the stresmwise chord at 30-percent span to 6.2 percent of the
streamwise chord at 90-percent span {configuration A). The values for
this conflguration are tasbulated for five spanwlse sections in figure 3.
Tegts were also made with chordwise extent of area suction required
for wing 1ift coefficients of 0.68 and 0.59 (configurations B and C).

A test was made with the chordwlse extent of area suctlon of configurs-
tion C reduced over the inboard stations (configuration D). The dis-
tribution of chordwise extent of area suction for the three configura-
tions B, C, and D are also shown in the teble in figure 3. A test was
made with configuration A and a partial-span, trailing-edge split flap.

CORRECTTIONS

Standard tunnel-well correctlons for & stralght wing of the same
ares and span as the swept-back wing have been spplied to angle-~of-
attack and drag-coefficient data. This procedure was followed gince
a brief epproximate analysis indicated that tunnel-wall corrections
were approximately the same for straight and swept wings of the size
under consideration. The following increments were added:

ACp = 0,008k cf”

The corrections for interference of the struts were not known; however,
these correctlons were believed not to be of sufficient magnitude to
significantly affect the results. All flow coefficients were corrected
to standsrd sea-level temperature conditions. The thrust of the
exhsust ailr was measured at an angle of attack of 0°., It was found
that the thrust waes not of large enough magnitude to effect the drag
results. '
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RESULTS AND DISCUSSION

Basic Wing

The 1ift, drag, and pitching-moment characteristics (fig. 7) are
essentially the same as the results shown in reference 1 for the basig
wing with a fuselage of slightly larger diameter. The severe Increases
in the rate of drag rise, the large movements of the aerodynamic center
indicated by the pitching moment, and the causes of these changes are
discussed . in detail in reference 1.

Wing Designed for a Lift Coefflicient of 0,77
and a Flow Coefficient of 0.0030

Force detba.,~- The 1ift, drag, and pitching-moment characteristics
for the basic wing and for confliguration A, designed for a lift coeffi-
clent of 0.77 at a flow coefficient of O. 0030 (ebout 10 times theory),
are shown in figure 8. The large increases in the rate of drag rise
and large movements of the aerodynamic center indicated by the pitching
moment were delayed from a 1ift coefficient of 0.25 for the basic wing
to a 1ift coefficient of about 0.80 for configuration A. A total flow
coefficient of 0.0034 was required at a 1lift coefficient of 0.77
(a=1T7.4°). The duct pressure coefficients at the four spanwise sections
for this flow coefficlent. were as follows: :

Spanwise station o.h5b/2 0.60b/2 | 0.75b/2 | 0.90b/2

Duct pressure : ' .
coefficient _ -20.0 -23.0 275 -27.0

A% slightly lower flow coefficients and duet pressures, the increased
rate of draeg rise and large movements of the aerodynamic center occurred
at 1ift coefficients less than 0.80.

The drag coefficient, at a lift coefficient of 0,80 with area
suction applied at a flow coefficient of 0.003%4%, is approximately
60 percent less than the drag coefficient of the basic wing. The
pltching-moment variation indicates a gradual forward movement of the
aerodynamic center starting at about a wing 1ift coefficilent of Q.55
which is followed by & large movement forward above a 1ift coefficient
of approximately 0.80. ' .

Pressure data and flow studles.- The cause of variat{ons in drsg
and pitching moment shown by the force data for this wlng can be

YN
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deduced from the changes shown by the pressure distributions and tuft
studieg. The relatively small changes in the longitudinal character-
istics that occur between a 1ift coefficient of 0.55 and 0.80 are
believed to be due to separation of air flow from the tralling edge,
whereas the sbrupt, lsrge changes occurring at 1lift coefficlents above
0.80 are the result of sir-flow separatlon at the leading edge. The
section pressure distributions (fig. 9) indicate that above an angle
of attack of 12.3° (Cr, = 0.55) the changes that occurred in the pres-
sure distributions at the ocutboard sections are typical of the changes
associated with trailling-edge separation; the varilation of pressure
coefficient with angle of attack for several chordwilse points at the
90 -percent spanwise sectlon (fig. 10) emphasizes these changes. The
pressure coefficients near the tralling edge show a sudden decrease in
pressure above an angle of attack of 12.3°, At the same angle of
attack an lncrease in pressure occurs in the vielnity of the midchord.
The flow studies (fig. 11) show an area.of rough flow which starts at
the outboard trailing edge of the wing end Increases In size until at

- an angle of attack of 17.4° (Cp, = 0.77) the area has spread forward at

the tip to nearly the leading edge and inboard at the trailing edge to
at least the 60-percent spanwise station. Above an angle of attack of
12.30, the 1ift curve of the section at the 90-percent span statlon
(fig. 12) tends toward the rounded 1ift curve typical of section 1ift
curves where tralling-edge separation 1s occurring. There is no evi-
dence of air-flow separstion at the leading edge (fig. 9) up to an
angle of attack of 17.4° (CL = 0.T7)}. The pressure coefficients near
the leading edge (fig. 13) show steady increases negatively, with
increasing 1ift coefficient, and the tufts show smooth flow except in
the area discussed previously where trailing-edge separation prevails,
Above a 1ift coefficient of 0.77, the alr flow separated near the lead-
ing edge as indicated by the sharp decrease in pressure coefficients
and by the tuft action. The cccurrence of this form of separation
defines the maximum section 1ift coefficilent at each of the sectiomns
(e.g., fig. 12, 90-percent spanwise section Cymax = 0.88 at an angle
of attack of 1T7.k°).

It is of interest to note that although leading-edge separation -
occurred near the deslgn 1ift coefficlent at the outboard sectlions, the
separation did not progress to the inboard sections until much higher
1ift coefflcients. This would seem to indicate that the flow of the
boundsry-~layer alr toward the tip of the highly swept wing acted as =
netural boundary-layer control for. the inboard sections, thus allowlng
the sections to go to higher 1ift coefficients than anticipgted. It
wae therefore considered likely that the chordwlse extent of suction
could be less than that indicated by two-dimensional theory at all
sections inboard of the critical outboard area.
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Flow quantity requirements.~ The flow coefficient required to
obtaln a 1ift coefficient of 0,77 with no leading-edge separation was

n nn3l e wmem Ao a4 marmmdt BananTnT e Tt sl ane 01 PRS- I T R
U-WJ“{'. .LUﬂUD WOL'C Laucs “-LI-ALI. Culps luCciably LRIl &.LUW LLR:J..L.LU.LC.U.US

then 0.003L4k, but the pressure distributions and the tuft studies indi-
cated no effect on the initial occurrence of air-flow separation st

the outboard sections. The chordwise extent of suction at these sec-
tions was thus indicated to be correct for the design conditions. It

is poasible that the forward progression of the boundary of the sep-
arated salr-~flow area from the tralling edge may be a factor limiting

the maximum section 1lift rather than the chordwise extent of suction.
From the tuft-~study observation, however, 1t appeared that this limit
would be at a somewhat higher lift coefficient than 0.77. The velue

of 0.003Lk is somevwhat greater than 10 times the theoretical value of
0.00030 shown in figure 141 £or a wing 1lift coefficient of 0.77. Some
of the difference in the values of'the flow coefficient required experi-
mentally and the value of 10 times theory that was antlcipated can
probably be attributed to the variation of the porous meterlsl thick-
ness gt the outboard 15 percent of the span. However, 1t is apparent
that g major part of the reduction in flow coefficient from approxl-~
mately 25 timesg theory to 10 times theory, which was the alm of this
Investigation, was realized. In both the present and the previous phase
of the investigation, the minimm effective suction-air velocitles near
the leading edge have been sbout 10 times the values determined by the
theory of Thwaltes, as applied in reference 1. It is believed the fol-
lowing facts account for some of the discrepancy between theoretical
and experimental flow quantities, The theory assumes a continuously
porous materisl of ideal smoothness, whereas the poroslty of the
material used 1n the study was achieved by means of closely spaced
holes and the surface was not ldeally smooth. The magnitude of the
distance between the holes, the hole size, and the roughness were of
the order of the boundary-layer thickness and it is quite likely that
each factor contributed significantly to increa.sing the required suctlion-
air velocitles,

In considering further mesns of reducing the flow quantities
required, an examination has been made of the limitations imposed by
msintaining egqual suction-air velocities at all chordwlse polnts.

11t should be noted that the theoretical Plow-coefficlent curve was
determined using the method of Thwaites (reference 2) but with the
use of the extrapolated chordwise velocity dilstributlions of refer-
ence 1. This gave higher values of flow coefficient than determined
in reference 1 where theoretically calculated pressure distributions
‘were used to determine the flow coefficient,
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A different and seemingly logical condition would be to have the
suction-air velocltlies vary as a function of the adverse chordwise
Pressure gradlent, The suction-alr velocitles would then vary from
the required value near the leading edge, which would be a maximum,

to a minimm value at the aft edge of the porous opening, Tests of
this variation of suction-air velocities were not possible due to the
congtruction of the leading-edge portions of the wing. A method of
determining This posslble optimum chordwise distribution of suction-
alr velocities is discussed in the appendix and 1s basgsed on the theory
of Schlichting (reference 3).

Wing With Chordwise Extent of Area Suctlon
for Lift Coefficients of 0.68 and 0.59

Tests were made with the chordwlse extent of area suction for
design wing 1ift coefficients of 0.68 and 0.59 (configurations B and C)
a8 well as for the design wing 1ift coefficient of 0.77 (configura-
tion A) discussed previously. The ssme variation of parous material
thickness was used in these tests as was used for a design wing 1ift
coefficient of 0.77. 'Therefore, the flow coefficients can only be
qualitatively compared with theoretical values since for each 1lift
coefficient the theoretlecal chordwlse varistion of porous material
thickness should be somewhat different.

For the several configuretions, figure 15 indlcates that no large
changes In the rate of drag rise or in the movement of the serodynamic
center occurred before the design 1ift coefficients were reached. The
large veristions in drag and pitching moment were caused by the separa-
tion of the air flow at the leading edge, as was the case for the
design 1ift coefficient of 0.77 discussed previously.

Flow quantity requirements.~ The flow coefficlent used for each
configurgtion was the minimum velue that could be employed with no
occurvence of leading-edge alr-flow separation up to the design 1ift
coefficient. Iarge increasses in the flow coefficlent in each case had
no effect on the initlal occurrence of separation at the critical out-
board sections. Therefore, for the three design 1ift coefflcients,
the inltisl occurrence of separation was controlled by the chordwlise
extent of area suction at the outboard sectlons provided that sufficient
suction-gir veloclties were avallable. The flow coefficlents required
for the three design 1ift coefficlents sre coampared in the following
table to 10 times the theoretical value shown in figure 1k:
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Design 1lift Flow coefficlent Flow coefficient
coefficlient 10 times theory | required experimentally
C, = .68, Config. B .0022 .0026
Cr = .77, Config. A .0030 0034

Figure 16 shows the variation with angle of attack of the leading-
edge pressures at the 90-percent spamwise section for the optimm con-
figuration discussed in reference 1 and for the three configuratlions
discussed in this report. For the case of ‘reference 1, the decrease
in the rate of pressure rise indicating separation occurred at angle
of attack of about 9° with a flow coefficient of 0.0029; whereas wlth
configuration C of this investigation and s much lower flow coefficlent,
0.0016, the decrease did not occur until an angle of attack of approxi-
metely 13°. For the other two configurations (B and A of this investl-
gation), the decrease in the rate of pressure rise occurred at angle of
attack of about 15° and 17°, respectively.

Wing With Chordwise Extent of Area Suction
Reduced at the Inboard Sectlons

As noted previously, experiment indicated that the chordwise
extent of area suctlion was larger thar necessary at the sectlons
inboard of the critical area near the tip. The extent of area suction
at the lnboard sections was reduced to approximately 50 percent of the
value determined theoretlcally for a wing 1lift coefficient of 0.59
(configuration D, Pig. 3). 'The aserodynamic characteristics of thils
configuration are compared to those of configuration C In filgure 17.
The effects of leading-edge’ separation in elthexr case asxre not evident
until & 1lift coefficlent of . 0.59 (a = 13.3°). Separation then pro-
gresses spanwlse more rgpidly in the case of configurstion D, This is
ghown by the varistion of pressure coefficient near the leading edge
wilth angle of attack (fig. 18) for the two configuratlons tested.

The flow coefficlient requlred with the reduced chordwlse extents
of area suection at the inboard section was 0.0013, which 1s less than
the value of 0.00Ll6 required with the extent of porous surface for
configuretion C. -
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Wing With Ares Suctlon Used in Conjunction
With Deflected Trailing-Edge Flsps

A brief Investigstion was made in an effort to find the effective-~
ness of area suction when used in conjunction with a 60-percent-span
trailing-edge split £lap. The chordwlse extent of area suctlon was
the same as for a design 1ift coefficlent of 0.77 (configuration A).
The aerodynamic characteristics are shown in figure 19 for the wing
with the Tlsp deflected both with and without area suction., For a
flow coefficient of 0.0033 which was the maximum that could be used,
the drag, pitching moment, and the pressure distributions show that
the effects of leading-edge air-flow separation were delayed from sbout
a 1ift coefficient of 0.40 to a 1ift coefficient of 0.80.

The section 1ift curves and the pressure dlstributions indicate
that there was a considerable carry-over of loading to the unflapped
portion of the wing. Although the end of the flap was at 60-percent
span, there was an Ilnerement of section 1ift carry-over of about 0,15
at 90-percent span as mey be seen in figure 20. The leading-edge
pressure coefflcients (fig. 21) at the 90-percent spanwise section
show that separation occurred at the leading edge at an sngle of attack
of about 18° wilth no flap deflection and at an angle of attack of about

1%° with the flap deflected. The minimum pressure in éach case is
nearly equal, The Initial occirrence of separation on the wing with
the flap deflected was in the same area as wlthout the flap deflected,

CONCLUSIORS

The followlng conclusions were derived from the results of the
wind-tunnel investigation of area suction with controlled suction-air
velocities applied in the region of the leading edge of the 63° swept-
back wing:

1. Ares suction was effective in delaying the occurrence of
leading-edge silr-flow separation from a 1ift coefficient of 0.25 to a
design 1iPft coefflicient of 07T«

2. The improvements made in the drag and pitching-moment charac-
teristics were affected with conslderably lower values of flow coeffi-
cient with uniform suction-air velocities than with uniform porosity.

3. The chordwise extents of ares suction required 4t the outboard
gsections of the wing were in good sgreement with the predicted values.
However, at the sectlons inboard of the critical outboard area, con-
slderably less extent of suction was required than was predicted.
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L. Area suction was effective in controlling lesding-edge
separation when used wlth a partial-span trailing-edge split flap.

Ames Aeronautical ILaboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif,
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APPENDIX
ADDITIONAL, CONSIDERATIONS ON THE

CHORDWISE DISTRIBUTION -OF SUCTION

The porous leading edge of the model tested 1n this investigation
was designed to give constant suction-eair velocitles at all chordwlse
points at & given spanwise station. I% was found thet separation could
be delayed on the 63° swept-back wing with lower flow requirements than
for the surface of consta.nt porosity used in the investigation of ref-~
erence 1, The question arises as to whether additiomal reduction in
the flow requirements might be made by further reduction in the suction=-
alr velocitles along the aft portions of the porous leadlng edge. From
physical conslderstions such a distribution of suction-sir velocity
should still be capeble of preventing separation since the adverse
pressure gradients whilch the boundary 1a.yer must overcome sre highest
near the leading edge.

In reference 3, Schlichting outlines an spproximate theoretical
method for the calculation of the growth of the laminar boundasry layer
on two~dimensional profiles with arbitrery distributions of suction-
air velocity. Schlichting's method is essentially an extension of the
Kérmdén-Polhausen method for an impermeable surface to include the
effects of suction or blowing through a porous surface. The method is
based on the momentum equation for the la.mina.r boundary layer on a
porous surface,

and assumed 'borundary-la.yer velocity profiles of the form (equation 10,
reference 3)

=I5
it

-a T +K<l-e‘n -sin-’é—n), 0<1<3

i

1 - (k+1) e™, 1>3 (2)

where

n = g measure of the nondimensional boundary-layer thickness
1 }

X form parameter of the veloclty profiles

b
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The quantity K is a function of both the pressure distribution and
the suction-air velocity. This family of velocity profiles when used
with the momentum equation results in the first-order, nonlinear 4if-
ferential equation (equation 30, reference 3)

az*  alk,k,)
dx* = U/t]:; (3)

where

2
*_(8
NOR

x*=§. nondimensionsl erc length along the airfoil surface
o
5% displacement thickness [ f <1 ~ %) dy:’,f_eet
o

o0
@ momentum thickness [ f % ( - %) dy:],feet X
o] 7 .

A a(U/Uo)

kl=-ﬁ§- R z* S ' R L

The function G(k,ky) 1s rather complicated. However, it has been
plotted and tabulated in flgure 6 and table 3 of reference 3 so that
the integration of equation 3 by the isocline method (reference 4) is
not difficult. - o - S

In reference 3, an example is calculated to obtain the growth of
the laminsr boundary layer over an alrfoil with uniform suction appliled.
The problem of more practical interest, however, is somewhat different
from these exemples in that the suction applied at the porous surface
i the unknown, and it i1s desired to calculate the distribution of
suction-air velocity that is Just sufficlent to keep the boundary layer
from separating. 'Thls problem can be solved by the same method with
the followlng considerations. The value of k at separation 1s equal

- e ———
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to -0.0721. Schlichting suggests that k = -0.0682 be used as an
index of separation because computationsl difficulties are encountered
as the value of k = -0.0721 1is approached. The value of Z *¥ repre-
senting lmminent geparation can be calculated from
A NEON PO
Zs* =\ UL - . (ll—)

- T a(ufuo) fax*

gince, for any gilven proflle, the velocity gradient d gxz is kmown
as a function of x¥, The curve Zg¥ = £(x*) is plotted on the isocline
plot and represents a boundsry which the curve Z¥* = £(x¥) for the
boundary layer msy approach but not cross if separation is Ho be avoided.
The computation ls begun at the stagnation point and is performed in the
conventional mammer for the region of Pavorsble gradient where no suc-
tion is needed, as shown in reference 3. As the curve 2z¥ = £(x%)
gpproaches the region of adverse velocity gradients the slope of the
curve, dZ%/dx*, is chosen so that the separation boundsry is avoided.
Then G(k,k;) can be cbtained from equation 3. Then, since k is
known, the value of the suction parameter k,; can be obtained from the
plot of G(k,k;) egainst k and k; (fig. 6 of reference 3), This pro-
cedure is continued to the chordwise station where no suction 1s needed.
When the isocline computation is completed, values of Z¥ and k; will
be known at a serles of points on the airfoil; from these the corre-~
sponding suction-alr velocities can be calculsted from

Wo -k

Us JRZ*

The method just outlined is limited to two-dimensionsl flows, but
mey be applied to a swept wing by the use of the principles of the
simple sweep theory as used in reference l. This approach was used to
estimate the chordwise distribution of suctlon-alr velocity necessary
to avold separation at the 90-percent span station of the 63° swept-
back wing at a wing 1ift coefficient of 0.77. The resulting suction-
glr velocity distribution is shown in figure 22. The results indlesgte
that the suction-alr velocities required near the leading edge are much
higher than those a short distance sft. (The horizontal line at
Wo/Ug = 0.012 is the suction-air velocity cslculated by the method
of reference 2 and is included for comparison. At the leading edge
the suction-air veloclty calculated by Schlichting!s method is epproxl-
mately three times this value.,) The calculations were stopped at
x/c = 0.06 since it was known from the results of the test that mo
gsuction was needed aft of this point.
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In employlng the method of reference 3 to calculate the suctlon-
air-velocity distribution, it was found that suctlion was necespary ahead
of the minimum pressure point. (See fig. 22.) The highest suction-air

velocitlies for which thls theory is wvalid are limited to values of
w- [T which are of the order n'P megnttude’ of R/ -These velocitie

37 ~0 Vit Vi leTad Aoyt WLt e A Al R elocitles

are considerably less than those used in the ‘present lnvestigation
wherein unsepsrated flow was maintained without guction applied ahead
of the leadling edge.

FPigure 23 presents a comparison at the 90-percent span station of
three possible'chordwise suction-air velocity distributions having the
same critical suction-air velocity at the leading edge. The upper curve
represents the distribution that would have been obtained from the wing
of reference 1 1f it had been taken to a 1ift coefficient of 0.7T.

The horizontal line at wo/Ug = 0.12 1s approximately the experimental
suction-alr velocity distribution for the model used in this report.
The lowest curve is that of figure 22 multiplied by a factor so that
the suction-air velocity at the leading edge corresponds to that
required experimentally. Assuming that these curves are typical of
the suction-air wvelocity requirements on the rest of the wing span, it
appears that, by reducing the suction-air velocities aft of the leadlng
edge, a considerable saving in fiow coeiricient and power requirements
should be obtained.

-

W o o,

g

¥
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TABLE I. - IOCATION OF PRESSURE ORITFICES

Spanwise posltion of orifices
megsured perpendicular to
plane of symmetry

Station number Percent semi-
span

Chordwise positions of orifices
on upper and lower surfaces at
each station, measured 1n per-
cent of the streamwlse chord

Orifice murber Percent chord

30
L5
60
5
90

U Fwhe

80n station 1, orifice 5 on the upper surface, inoperative
bon station l, orifice 6 on the upper surface, inoperative

FWLH
[N
o
[ ] L ] [ ] [ ] L] » [ ] [}

13
ih4
15
16
178
18
19
oot
214

mbbbbbboooobmommegQ

*

98BI BYEEBEE suwm

{

COn station 2, orifice 7 on the upper surface, lnoperative
don stations 1 and 5, orifice 8 on upper gurface, inoperative;

on all stations, orifice 8 on the lower surface was omitted
€0n stations 4 and 5, orifice 9 on upper surface incperative
fon station 1, orifice 10 on upper surface, Inoperative;

on statlion 3, upper surface orifice 10 was located at 12-percent chord

80n station 1, orifice 11 on upper surface, incperative

station 3, orifice 17 on upper surface, lnoperative
ion station 4, orifice 20 on lower surface, incperative
Jon station 5, orifice 21 on lower surface, inoperative



NACA RM A51J24 CGONTIES,
27000
k|
1§
= <
Momaent X Lo
f cenfer . o"} § %
g g
(S
"3 \\ g §
b ©
<
O'zocg \\\\ %
.Q \\ N <
2 Y N, /| \
S 3680+
2 $
Y 3
‘ 62 [\ /’ S
t { {
Wing
Swesp 63°
E Aspesct ratio 35
N laper rafio 025
~—
Twist o°
Dihedral 0° T
Incidence o’
Airfoll sacfion NAGA 644006
_ Aresc 2083 sg 17
All dimensions in feet Fuselage _
unfess otherwise nofed. Fineness rotio Y77 ;
- Radius at /e
X
station x  1.840(I~t%-1") 1t

~ A

Figure [.—Geomelric characteristics of the 63° swepl-back
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Figure 4.—Thickness variation of the wool felt for the five
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edge of the 63 ° swepl-back wing.
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flow on the 63°swept-back wing.
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Unflegged symbols indicate
upper surface.

Flagged symbols indicate
lower surface.
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Figure 9 .—Chordwise pressure distfribution of the
63° swepl—-back wing with area suvction. GCon-
figuration A.Gy=0.0034.
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back wing with a Irailing-edge spiit flap deflected down 45° R=82x(0¢
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Figure 20 .— Section [lift coefficrent curves af
the 9o0-percenlt spanwise section with and
without a ftrarling-edge split flap fo 60 -

percent span on the 63° swept-back wing.
Area suction applied.
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Figure 2/.-Variation of pressure coefficient .with
angle of attack at 025 percen! chord af 90-

percent span for the 63° swepl-back wing wilh
and without a split flap and with area suction.
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Figure 22 .-Theoretical chordwise distribution of
suction-air velocity for the 90-percent span
station of the 63° swepl-back wing at a /ift
coefficient of 0.77.
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Figure 23 .~ Comparison of three chordwise dis-
tributions of suction-air velocity for equal
required velocities near the leading edge .
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